Fungi from the genera Fusarium, Alternaria, Botrytis and oomycete Phytophthora species cause massive dieback of seedlings in pine nurseries and orchards. The synthesis of antimicrobial compounds, including pathogenesis-related proteins, is one of the main strategies to protect juvenile plants against pathogen attack. Here, we report the data on the expression levels of lipid-transfer protein gene and four defensin genes in Scots pine (Pinus sylvestris L.) seedlings, inoculated with Alternaria alternata, Fusarium solani and Phytophthora cinnamоmi during the pathological process, assessed by semiquantitative multiplex RT-PCR. We found that the expression levels of each gene greatly vary between each other and depend on the nature of the pathogen. It was detected that all tested pathogens considerably affect the expression levels of the investigated genes. A significant accumulation of PsDef1 transcripts was observed in pine seedlings 48 hours after inoculation, while the expression of another PsDef4 was upregulated only during first 24 hours of contact with pathogens. The levels of PsDef3 transcripts were elevated only in seedlings, inoculated with F. solani, while the expression of PsLTP1 gene was differentially regulated by all three pathogens, which indicates the dependence of transcriptional response in the seedlings on the nature of pathogen and mechanisms, which are triggered by them on the changes in signal transduction pathways. Collectively, our results suggest the involvement of defensins and lipid-transfer protein in primary defense mechanisms of Scots pine seedlings against tested pathogens.
Introduction
Scots pine is an ecologically and economically important forest tree species native to Eurasia. Pine stands account for 34.6 % of the State Forest Fund in Ukraine, occupying about 10 million hectares (Hensiruk, 2002) . In recent years, a negative dynamics has been observed in forest plantations of Ukraine, revealing a significant increase (up to 30 %) in the area of existing forest diseases clusters in all regions. Therefore, it is especially important to find ways and means to increase productivity and biological stability of pine stands in stressful environmental conditions. One of the promising ways to improve the health of pine stands is a selection of resistant genotypes by molecular markers. For this purpose, we can propose the pathogenesis-related (PR) proteins, which, due to their specificity and expression patterns, seem to be the attractive candidates (Lacerda, et al., 2014) .
PR-12 family includes defensins -evolutionarily conserved molecules that are found in a broad range of organisms: from myxobacteria to mammals. Plant defensins are small (<10 kD) basic secretory proteins characterized by amphipathic, β-layer rich structure stabilized by four or five disulfide bridges. Most of the isolated plant defensins possess activity against fungi and bacteria (Broekaеrt, et al., 1995) . Besides antifungal and antibacterial properties, some plant defensins are able to regulate cellular enzymes and processes, including serine proteinases and α-amylases, and Са 2+ -and Na + -channels and protein translation in vitro (Mendez, et al., 1990; 1996; Bloch & Richardson, 1991) . The genes, encoding plant defensins, are expressed constitutively in the peripheral cell layers forming the first defensive line against pathogens. In addition, the expression of plant defensins was induced by exogenous stresses, such as pathogen attack, osmotic factors, cold and drought (Lay & Anderson, 2005 (LTP) -small basic proteins found in all land plants, where they are encoded by large multigene families (Kader, 1996) . A molecule of LTP is characterized by a compact structure made with α-helices and eight-cysteine residue conserved motif, linked by four disulfide bridges and long C-terminal tail. This structure forms a central hydrophobic cavity, very suitable to bind hydrophobic compounds, such as lipids (Carvalho & Gomes, 2007; Douliez, et al., 2000) . LTPs are involved in key processes in plant physiology, such as cell wall organization, stabilization of membranes, signal transduction, plant growth and development (sexual reproduction, seed development, and germination) (Edstam, et al., 2013; Eklund & Edqvist, 2003; Maldonado, et al., 2002) . Beside response to abiotic stresses such as cold, drought and salinity, LTPs are also known to play a role in resistance to biotic stress (Sels, et al., 2008) . Expression of LTP and defensins after infection with pathogens served the criterion for their classification as PR-proteins (García-Olmedo, et al., 1995) . The widespread and dangerous disease of coniferous seedlings is damping-off (root rot), caused by fungi from Fusarium, Alternaria, Botrytis, Phytophthora genera. Depending on the lifestyle of the pathogens, they use different strategies in order to turn the processes in plant cells to their advantage and obtain the nutrients which are necessary for their existence (Horbach, et al., 2011) . Biotrophic fungi as well as Oomycetes form special structures, termed haustoria, through which they receive nutrients from living cells (Mendgen & Hahn, 2002) . On the other hand, fungi leading necrotrophic lifestyle secrete toxins and enzymes that kill plant cells so that nutrients, which are released from dead tissues, are taken up by the pathogen (Horbach, et al., 2011) . Moreover, hemibiotrophic fungi combine both strategies. During initial stages of infection, pathogens actively suppress the immune system of the host, which allows hyphae to spread throughout the infected plant tissue and subsequently, the toxins, secreted by a pathogen, leading to the host cells death (Koeck, et al., 2011) . Young seedlings are good targets for the pathogens because the lack of powerful mechanical barriers makes them vulnerable to infection (Adomas, et al., 2007) . During the host-pathogen interaction, there was observed strong overexpression or downregulation of some genes, which belong to different multigene families. Among them, the genes, coding enzymes, which are involved in the phenylpropanoid and isoprenoid pathways, fungistatic/fungicidal proteins, heatshock proteins, proteinase inhibitors and PR-proteins (Boava, et al., 2009) . The last play an important role in natural defence against pathogens and pests (Hernández, et al., 2005; Veluthakkal & Dasgupta, 2010) .
Previously, we reported the purification of the two proteins, defensin and lipid-transfer protein, from pine seedlings and showed their antifungal activity (Kovaleva, et al., 2009 ). In addition, we have cloned the defensins genes PsDef1 ( In this paper, using semi-quantitative RT-PCR, we examined the transcriptional changes of PsDef1-4 and PsLTP1 genes that occur in tissues after inoculation of Scots pine seedlings with dangerous pathogens: Alternaria alternata (Fr.) Keissl., Fusarium solani (Mart.) Sacc. and Phytophthora cinnamomi Rands.
Material and methods
Inoculation experiments. Seeds of Scots pine (Pinus sylvestris L.) were obtained from the Lviv forest breeding seed center (Lviv region, Ukraine). Surface-sterilized seeds were germinated on Whatman paper soaked with distilled water in Petri dishes at 26 °C in the thermostat.7 days after, the seedlings were used for inoculation.
The cultures of fungal pathogens F. solani UKM F-50639, A. alternata UKM F-16752 were obtained from the D.K. Zabolotny Institute of Microbiology and Virology (Ukraine) and the culture of oomycete P. cinnamomi was kindly provided by the Institute of Forest Research (Poland). Microbial cultures were grown in potato dextrose broth for 7 days at 22 °C and then the mycelium was washed with sterile water and subsequently blended with an Ultra-Turrax T-25 homogenizer.
Twenty 7-day-old seedlings of P. sylvestris were transferred to wet, sterile Whatman paper in Petri dishes. The roots were inoculated with 1 ml of the homogenized mycelium and covered with a layer of moist sterile filter paper. Control plants were mock-inoculated with 1 ml sterile distilled water. The seedlings of either infected or control plants were harvested at 6, 24 and 48 hours post inoculation (h.p.i.), frozen in liquid nitrogen and stored at −70 °C until use. All the experiments were run in triplicates.
Semi-quantitative multiplex RT-PCR (mxPCR) analysis of the gene expression. Expression of PsLTP1 and PsDef1-4 genes was checked using mxPCR. Total RNA was obtained using modified method of lithium chloride precipitation (Chang et al, 1993) . The specific primers were designed for each gene as described previously (Shalovylo, et al., 2015; Hrunyk, et al., 2015) . As a control for the reaction, we choose the housekeeping gene RPL44 (Acc.No. EL342388.1), which also was used for the calculation of the relative values of the expression level. mxPCR was run for 30 cycles in a thermal cycler using the program: 95 ºC, 45 s; 54 ºC, 45 s; 72 ºC, 45 s. The PCR products were separated by electrophoresis on a 2.0 % agarose gel, visualized with ethidium bromide staining, and photographed. Densitometric analysis was made with Software GelProAnalyzed 4.0.
Result and discussion
At the early stages of ontogenesis, pine seedlings are exposed to a variety of pathogenic invaders including bacteria, fungi and oomycetes. The last two are the causative agents of the damping-off disease in juvenile plants. Fungi from the genus Fusarium, Alternaria, Botrytis and oomycete Phytophthora are most common plant pathogens, which cause massive dieback of seedlings in pine nurseries and orchards. Since seedlings are lacking lignified tissues, they are very vulnerable to pathogen invasion. In their turn, the pathogens trigger the signal transduction cascades regulated by salicylic acid (SA), jasmonic acid (JA), and ethylene (ET), provoking changes in plant cells and, as a result, the plant accumulates the antimicrobial secondary metabolites, and transcripts of genes encoding pathogenesis-related proteins. The effectiveness of induced reactions varies, depending on the lifestyle of the invader. Responses to biotrophic pathogens are mediated largely by signal molecule SA, while molecules JA and ethylene modulate responses to necrotrophs. The SA-and JA/ET-signaling pathways are mostly antagonistic, but there is evidence of cross-talk between these pathways, that provides a coordinated gene regulation for effective protection against pathogens (Glazebrook, 2005) .
Previously, we have shown that exogenous SA slightly increased the levels of expression of PsDef1 and PsDef2 genes in pine seedlings, while in JA-treated seedlings, the amounts of transcripts of four studied defenses genes were 1.5-2 times higher than in the control (Shalovylo, et al., 2015) . We assumed that pathogens with various lifestyles would differentially affect the levels of expression of PsDef1-4 genes and PsLTP1.
F. solani, A. alternata and P. cinnamomi -causative agents of wilting disease, early and late blight in higher plants, which serve the case of massive economic losses in agro-industry as well as in forestry. Two of tested pathogens belong to the ascomycetous fungi (A. alternata and F. solani) and one belongs to oomycetes (P. cinnamomi). Besides belonging to different kingdoms, pathogens lead different lifestyles: necrotrophic (A. alternata) and hemibiotrophic (F. solani and P. cinnamomi) each of them use diverse mechanisms for their establishment in a host plant (Koeck, et al., 2011) . As a result, the plant responses to the infection in different ways, which we can observe in the case of examined in this manuscript pathogenic fungi.
A. alternata differently affects the expression patterns of all defensins genes (Fig. 1, A) . The levels of PsDef1 and PsDef2 transcripts were increasing at 48 h.p.i. by 5.5 and 1.5 times respectively (Fig. 1, B) . Expression of PsDef4 has grown rapidly during first 6 hours by 1.3 times and after 24 hours by three times. This upregulation was lessened at 48 h.p.i. by 1.2 times while comparing with control. In addition, PsDef3 exhibits slightly reduced expression pattern at all three time points. Our findings demonstrate differential and time-coordinated expression of defensin genes in Scots pine seedlings under biotic stress caused by a necrotrophic fungus. Plant species genomes can contain a family of several defensin genes that may differentially respond to biotic stresses. In Arabidopsis thaliana, for instance, inoculation of leaves with the fungus Alternaria brassicicola results in differential expression of five defensin genes. Expression of PDF1.2 is upregulated by a fungal pathogen, while that of PDF2.2 is downregulated (Shenk, et al., 2003) . (Fig. 1,  A) . At 6 h.p.i., expression of PsDef1 was lower than that in control sample and 24 hours after it starts to increase and 48 hours after, the levels of PsDef1 transcripts were 1.8 and 2.6 times higher in P. cinnamomi and F. solani, respectively (Fig. 1, B) . Both pathogens slightly upregulate the expression of PsDef2 during the whole experiment. Expression of PsDef4, after inoculation with F. solani and P. cinnamomi, was similar to one we have observed with A. alternata: high levels of PsDef4 transcripts were observed only at 6 h.p.i., followed by downregulation 24 hours after and 48 h.p.i. F. solani and P. cinnamomi differently affect the expression of the PsDef3: in seedlings infected with Fusarium, the expression of PsDef3 was growing gradually by 1.1 times at 6 h, and 1.4 and 2.5 times at 24 and 48 hours post inoculation, respectively. On another hand, with P. cinnamomi we have observed opposite result: elevated levels of PsDef3 at 6 h were changed with a decrease at 24 hours after and 48 h.p.i. by 10 % and 1.3 times, while comparing with control.
On Figure 2 , it is clearly demonstrated that PsLTP1 displays three different patterns of expression: with necrotrophic fungus, expression of PsLTP1 was higher at 6 hours after and 48 h.p.i. by 1.9 and 2.1 times, respectively, while 24 hours after it decreased by 20 % compared to the control sample. We obtained the similar results while studying the changes in the expression levels of PsLTP1 transcripts during seedlings inoculation with another necrotroph -Heterobasidion annosum (Fr.) Bref. sensu lato -the causative agent of annosum root rot (Hrunyk, et al., 2013) . . alternata (2, 6, 10), F. solani (3, 7, 11) and P. cinnamomi (4, 8, 12) for 6 (2, 3, 4), 24 (6, 7, 8) and 48 (10, 11, 12) hours after with specific primers. The expression of PsLTP in control samples sprayed with water was measured at same time points: 6 hours (1), 24 hours (5) Moreover, what concerns hemibiotrophic pathogens, they affect the expression of PsLTP1 in opposite to each other ways. Infection with F. solani leads to the lowering of PsLTP1 transcripts: 1.4 times higher expression at 6 h.p.i. was followed by dropping by 1.3 at 24 h.p.i. and 10 % on the second day while comparing with the control sample. The infection of young plants by P. cinnamomi leads to PsLTP1 upregulation: low expression levels at 6 h.p.i. and 24 h.p.i., were slightly elevated at 48 h.p.i., relatively to the control. Gradually increase of PsLTP1 transcripts in the case with P. cinnamomi may be related to the nature of this pathogen, which possess specific proteins named elicitins. Those proteins are very similar to plant LTP by the ability to bind hydrophobic ligands, but unlike LTPs, elicitins exhibit sterol carrier activity. Blein and colleges proposed that during the Phytophthora-plant interaction, LTPs compete with elicitins for receptors on the plant plasma membrane (Blein, et al., 2002) . As a result, those processes trigger biological responses in plant organism.
The obtained results suggest, that all tested pathogens, which belong to distinct groups and lead different lifestyles, upregulate the expression of PsDef1 and PsDef2 at 48 h.p.i., the levels of transcript were more prominent for PsDef1. The infection by necrotroph increased expression of PsDef1 by 3.7 times compared to PsDef2. In addition, inoculation with hemibiotrophs showed the slightly lower difference in expression levels: for F. solani that value was equal to 1.7 and for P. cinnamomi -1.5. It is interesting to note the opposite mode of action of necrotroph and hemibiotroph on PsDef3 expression. While A. alternata downregulates the expression, F. solani upregulates it during the whole experiment. It is worth mentioning that all tested pathogens induced expression of PsDef4 at 6 h.p.i. and in all cases, the levels of PsDef4 transcripts were lessened two times at 48 h.p.i. while comparing with its expression at 6 h.p.i. and much lower compared to control samples. It was previously demonstrated that PsDef1 and PsLTP1 possess high activity against a broad spectrum of phytopathogenic fungi and oomycetes (Kovaleva, et al., 2009; Ermakova, et al., 2016) . Therefore, upregulation of genes encoding these antifungal peptides in the vulnerable seedling tissues might assist the development of their resistance to pathogenic attacks.
Conclusions
Based on the results of the studies, we can conclude that defensins and PsLTP1 are involved into primary defense mechanisms of Scots pine against necrotrophic and hemibiotrophic pathogens. Our results suggest that these genes can serve as molecular markers for the development of the ecofriendly technologies of seedling protection against pathogenic fungi in greenhouses and nurseries. These technologies are based on the management of plant immunity, selection of resistant Scots pine genotypes and obtaining the genetically modified plants. The work in this direction in forestry is only beginning to develop.
